W
hile it is widely appreciated that inflammation in response to infection has both positive, protective effects as well as negative, destructive effects on tissues, it is less well appreciated that interventions that modulate inflammation can have different effects on outcomes in different tissues. The eye is a notable tissue to evaluate such effects, not only due to its basal immune-privileged status but also because inflammatory-mediated damage to tissues like the cornea that result in clearance of infecting microbes also leads to significant damage (35) that severely compromises eyesight, whereas comparable scarring in other tissues is often of little consequence. Pseudomonas aeruginosa is a leading cause of bacterial eye infections in humans (2, 13, 29, 33) , and interventions are needed that promote bacterial clearance while limiting tissue-associated pathology due to a rapid and extensive influx of neutrophils.
Neutrophil recruitment to infected tissues, particularly tissues infected with extracellular bacteria and fungi (7, 25) , is often highly dependent on the proinflammatory cytokine interleukin-17 (IL-17) produced by helper T cells called Th17 cells (11, 21) , although the importance of IL-17 varies by pathogen, tissue, and type of infection. For example, antibody-mediated depletion of IL-17 or deficiency of the IL-17 receptor (IL-17R) had no effect on the course of P. aeruginosa lung infection, but these interventions did diminish the protective efficacy of a live-attenuated P. aeruginosa vaccine against lethal pneumonia (27) . Intercellular adhesion molecule 1 (ICAM-1), a receptor for the neutrophil ␤ 2 -integrins LFA-1 and Mac-1, is expressed on epithelial and endothelial cells during infection and facilitates neutrophil recruitment to infected tissues, including the eye (17) , but the relative contributions of IL-17 and ICAM-1 to neutrophil influx and host defense during bacterial keratitis are unknown.
Neutralization of IL-17 activity in the cornea during bacterial keratitis could have potential therapeutic use due to the need to limit neutrophil-associated pathology in this setting, but decreasing neutrophil influx might also interfere with bacterial clearance.
In this study, we show that the absence of the IL-17 receptor is associated with diminished ICAM-1 expression after P. aeruginosa corneal infection. We also demonstrate that absence of the IL-17 receptor or ICAM-1 or antibody-mediated neutralization of IL-17 leads to lower corneal pathology scores, diminished neutrophil infiltration, and decreased bacterial levels.
MATERIALS AND METHODS
Bacterial strains and mice. We utilized clinical isolates of P. aeruginosa originally obtained from infected corneal ulcers: strains 6294 and 6354 (both are ExoS-producing invasive strains of serogroup O6), 6077 and 6206 (both are ExoU-producing cytotoxic strains of serogroup O11) (39) , and the laboratory strain PAO1 as well as its cytotoxic variant, denoted ExoU ϩ PAO1, which contains a plasmid with the genes for the type III secretion toxin ExoU and its chaperone, SpcU (3). C57BL/6 mice were purchased from Taconic for experiments that included IL-17R knockout (KO) mice and from Jackson Laboratory for experiments that included ICAM-1 KO mice. IL-17R KO mice were provided by Amgen, and ICAM-1 KO mice (full gene deletion) were provided by Daniel Bullard of the University of Alabama at Birmingham (5) . Animal experiments complied with institutional and federal guidelines regarding the use of animals in research.
Murine corneal infection model. Corneal infection was initiated on scratch-injured eyes of anesthetized mice, as previously described (26, 38) . Bacteria were grown overnight at 37°C on Trypticase soy agar (TSA) and resuspended in 1% proteose peptone, and the optical density was adjusted to achieve inoculum sizes of ϳ1 ϫ 10 4 CFU/eye for cytotoxic strains or 5 ϫ 10 5 CFU/eye for invasive strains. Higher doses of bacteria (ϳ1 ϫ 10 7 CFU/eye) were used for histopathology experiments. Mice were anesthetized with ketamine and xylazine, and then eyes were scratched and inoculated with the bacterial inoculum suspended in a 5-l volume. Following infection, eyes were assigned a pathology score every 24 h by two individuals (T. S. Zaidi and T. Zaidi) unaware of the group assignments, using the following scheme (4): 0, eye macroscopically identical to the uninfected contralateral control eye; 1, faint opacity partially covering the pupil; 2, dense opacity covering the pupil; 3, dense opacity covering the entire anterior segment; 4, perforation of the cornea, phthisis bulbi (shrinkage of the globe after inflammatory disease), or both. In general, maximal pathology scores were observed 48 h after infection, so this time point is shown in all figures depicting corneal pathology scores. IL-17 production in mouse corneas was determined 24 h after P. aeruginosa 6294 and 6077 infection in an IL-17 enzyme-linked immunosorbent assay (ELISA; R&D Systems). Myeloperoxidase assays were performed using an ELISA kit from Enzo Life Sciences (Farmingdale, NY) according to the manufacturer's instructions.
Determinations of viable bacterial counts. To determine the viable counts of adherent and invading P. aeruginosa strains, gentamicin exclusion assays were performed as previously described (26, 38) . Briefly, animals were euthanized by carbon dioxide overdose, eyes were removed, and the corneas were harvested. The corneas were then rinsed in Dulbecco's modified Eagle's medium (DMEM) to remove nonadherent bacteria and placed in 1 ml of DMEM. The corneas were then vortexed vigorously for 1 min to remove adherent bacteria. These samples were then diluted and plated for bacterial enumeration. The corneas were then placed in 500 g gentamicin/ml for 1 h to kill remaining external bacteria, washed three times in DMEM to remove the antibiotic, and then homogenized. The homogenate was then diluted and plated for bacterial enumeration. When no growth was detected, a result of 5 CFU was arbitrarily assigned, since the lower limit of detection was 10 CFU. This method of measuring adherent bacteria by vortexing yields results comparable to those obtained by subtracting the number of internalized bacteria from total bacteria (adherent plus internalized) in separate eyes (37) , but the vortexing method has the advantage of determining bacterial levels in one eye sample.
Administration of polyclonal antibodies. Rabbit polyclonal antibody to IL-17 (200 g/ml; Santa Cruz Biotechnology) or control rabbit IgG (Sigma) in a 5-l volume was applied topically to the eyes of mice while they were lightly anesthetized by isoflurane inhalation. Antibodies were administered at 0, 24, and 32 h postinfection. For a subset of experiments (those with strains 6294, 6206, and PAO1 in Fig. 4 , below), rabbit antiserum to IL-17 (27) or normal rabbit serum was used. While this antiserum could contain antibodies that cross-react with P. aeruginosa lipopolysaccharide, such antibodies are unlikely to be protective, since our prior work (27) showed that this very same antiserum diminished vaccine-induced protection in a P. aeruginosa pneumonia model. Furthermore, in the current experiments, the antiserum yielded similar results as the commercially available anti-IL-17 polyclonal IgG.
Histopathology and confocal microscopy. After euthanasia, eyes were enucleated and fixed in 4% paraformaldehyde. Tissues were embed- ded in paraffin, and anterior sections of the corneal epithelium were prepared and stained with hematoxylin and eosin. Sections were analyzed by a veterinary pathologist. Images shown correspond to areas of maximal pathology in each cornea. If not shown, the anterior chamber was free of inflammatory cells. For confocal microscopy, paraffin-embedded sections were heated at 65°C for 1 h and then deparaffinized with xylene, followed by rehydration with an ethanol-water mixture. After blocking at 37°C for 2 h in blocking buffer (2% normal goat serum and 0.2% bovine serum albumin in phosphate-buffered saline [PBS]), sections were incubated at 37°C for 2 h with goat anti-mouse ICAM-1 antibody (R&D Systems) at a 1:25 dilution in blocking buffer. The secondary antibody was donkey antigoat IgG (Invitrogen), used at a 1:500 dilution in blocking buffer, with incubation at 37°C for 1 h. After washing in PBS, sections were mounted using Aqua-Poly/Mount (Polysciences) and then analyzed by confocal microscopy. Control sections from infected wild-type mice were incubated with secondary antibody only and demonstrated no ICAM-1 staining (data not shown).
Statistical analysis. Parametric data were compared using an unpaired t test,, and nonparametric data were compared by using the MannWhitney U test. All analyses were performed using GraphPad's Prism software.
RESULTS
IL-17 is produced in the cornea during P. aeruginosa keratitis. A prominent feature of P. aeruginosa corneal infection is that the majority of the bacteria reside within the epithelial cells (9, 10) , and prevention of bacterial entry into cells diminishes infection levels and tissue pathology (37) . Antibody-and complement-mediated, neutrophil-dependent phagocytic killing of extracellular bacteria that interrupts cell-to-cell transmission can protect against infection (40) , with entry of neutrophils (31) and resolution of inflammation, both of which are critical to successful control of infection and preservation of tissue integrity. To evaluate the role of IL-17 in this process, an ELISA was used to detect IL-17 in homogenized mouse corneas harvested 24 h after P. aeruginosa scratch injury-induced infection. We detected 73 Ϯ 8 pg/ml (mean Ϯ standard deviation) after infection with strain 6294 and 33 Ϯ 13 pg/ml after infection with strain 6077. The higher level of IL-17 after infection with strain 6294 was likely related to the 50-fold-higher inoculum needed to cause infection with this strain.
IL-17R-deficient mice are resistant to P. aeruginosa corneal infection. IL-17R-deficient mice, which have been shown to be highly susceptible to Klebsiella pneumoniae lung infection (36) and to have diminished vaccine-induced protection from P. aeruginosa pneumonia (27) , were unexpectedly more resistant to P. aeruginosa corneal infection. These mice had significantly lower corneal pathology scores and intracellular bacterial levels 48 h after infection with either strain 6294 or strain 6077 (Fig. 1) . Histopathologic evaluation of infected corneas showed less neutrophilic infiltration in the IL-17R KO mice (Fig. 2) , consistent with the known role of IL-17 in stimulating the production of CXC chemokines KC and macrophage inflammatory protein 2 as well as granulocyte colony-stimulating factor at sites of infection (36) . Corneas of uninfected IL-17R KO mice were histologically normal, although, for unclear reasons, they had slightly thickened stromal and epithelial layers compared to wild-type mice (Fig. 2) . Because IL-17 has also been shown to regulate ICAM-1 expression and neutrophil adhesion in nonocular tissues (1, 28), we next tested the susceptibility of ICAM-1 KO mice to P. aeruginosa corneal infection, and we found that the ICAM-1 KO mice had similarly reduced corneal pathologies (Fig. 2) . Corneas from uninfected ICAM-1 KO mice were, as observed for IL-17R KO mice, slightly thicker than those from wild-type mice. Notably, corneas from infected IL-17R KO mice had undetectable ICAM-1 expression (Fig. 3A) , far less than that seen in corneas from infected wild-type mice. In addition to the expected epithelial ICAM-1 staining, the infected wild-type mice demonstrated a low level of non-cell-associated ICAM-1 staining in the corneal stroma, which was possibly due to release of soluble ICAM-1. Topical IL-17 neutralization reduces corneal pathology and bacterial burden. Based on these results, we predicted that antibody-mediated neutralization of IL-17 might have beneficial effects during P. aeruginosa corneal infection. Here we use the term neutralization broadly, as it may result from inhibition of ligandreceptor binding or from enhanced clearance of the cytokine via antigen-antibody complexes. As shown in Fig. 3B , neutrophil infiltration after infection with strain 6077 was dramatically reduced by topical therapy with antibody to IL-17, which was also associated with significantly lower levels of IL-17 in the cornea (Fig. 4A) . The decreased tissue levels of neutrophils seen on histopathology were verified by measurements of myeloperoxidase in corneal homogenates, which showed significantly lower levels of myeloperoxidase in the anti-IL-17-treated groups (Fig. 4B) . We next evaluated if IL-17 neutralization had a comparable effect in a number of clinical and laboratory isolates of P. aeruginosa (Fig. 5) , one of which was from a pair of isogenic strains, of which one member overexpressed the type III secretion toxin ExoU. For all the strains tested (invasive strains in Fig. 5A and cytotoxic strains in Fig. 5B ), the corneal pathology scores and intracellular (invading) bacterial levels were significantly lower in mice treated topically with antibodies to IL-17 than in those treated with control antibodies. The decrease in intracellular bacterial CFU was substantial (about 2 log 10 ), particularly after infection with ExoS-producing strains, which also showed significantly lower levels of extracellular bacteria (Fig. 4A) . 
DISCUSSION
In this study, we show that IL-17 is critically involved in the pathogenesis of P. aeruginosa corneal infection. Both IL-17R KO mice and ICAM-1 KO mice were relatively resistant to P. aeruginosa corneal infection, with lower corneal pathology scores and lower levels of invading bacteria. Furthermore, neutralization of IL-17 by using topical antibodies reduced corneal pathology and bacterial invasion and, to a variable degree, the extracellular bacteria adhering to the corneal tissue.
The diminished leukocyte influx into the infected corneal tissue of IL-17R KO mice that we observed is likely related to the low ICAM-1 expression in this tissue. Indeed, IL-17 has been shown to increase endothelial ICAM-1 expression and neutrophil recruitment in a p38 mitogen-activated protein kinase-dependent manner (28) . In studies using keratinocytes, IL-17 combined with gamma interferon (but not IL-17 alone) increased ICAM-1 expression (1), highlighting the cell-specific and inflammatory milieu-specific nature of IL-17 effects.
A number of studies have shown that ICAM-1 is involved in neutrophilic infiltration of the cornea. After scratch injury alone (without infection), neutrophils recruited from the limbal vessels into the corneal stroma make ICAM-1-mediated surface contact with stromal keratinocytes, and ICAM-1 KO mice demonstrate decreased stromal infiltration (12) . In P. aeruginosa keratitis after scratch injury, Hazlett and coworkers reported that ICAM-1-deficient mice had less-severe corneal opacities (as we observed) but similar neutrophil numbers and inflammatory cell infiltration on histopathology (17) , which is different from our findings. These differences might be related to the fact that the mice used in those studies had an exon 4 deletion and could theoretically express alternatively spliced variants of ICAM-1, which has been reported for the ICAM-1 exon 5 deletion KO mice (19) . The entire coding region of the ICAM-1 gene is absent in the ICAM-1 KO mice utilized in our studies (5) , so alternative splicing is not possible. Notably, other experimental methods that diminish corneal neutrophil infiltration, specifically, neutropenia or the absence of MyD88 signaling, result in a similar low corneal pathology in this P. aeruginosa infection model (40) . However, in striking contrast to the IL-17R KO and ICAM-1 KO mice, neutropenic or MyD88 KO mice show uncontrolled infection with bacterial dissemination to the brain and systemic organs (40) . We speculate that the IL-17/ICAM-1 pathway of neutrophil tissue infiltration of the eye leads to enhanced tissue destruction, possibly by neutrophil-derived proteases, and such destruction actually enhances bacterial colonization.
Neutrophils migrate into the corneal stroma early in bacterial infection (16, 18) and are thought to be required for bacterial killing (31) . However, their presence also contributes to corneal damage (35) . T cells, particularly T helper type 1 (Th1) cells, have also been shown to play a role in the pathogenesis of bacterial corneal infections related to the recruitment of neutrophils (14, 15) . In a mouse model of herpes simplex virus (HSV) stromal keratitis, Rouse and coworkers recently reported that after a transient burst of IL-17 production from innate ␥␦T cells, Th1 cells infiltrated the cornea early while Th17 cells appeared later (days 15 to 21), at the peak of corneal pathology, and that IL-17R KO mice and wild-type mice administered anti-IL-17 antibody (intraperitoneal or subconjunctival) had less severe disease (32) . Other workers have shown diminished early neutrophil infiltration and corneal opacities in IL-17R KO mice 2 days after HSV corneal infection, but they did not evaluate animals beyond day 11 (24) . Although these findings are somewhat similar to those reported here, the pathogenesis of HSV stromal keratitis, a chronic disorder, is very different from bacterial keratitis. The initial acute viral infection is thought to be controlled by the Th1 response, which initiates an inflammatory environment in the cornea that is hypothesized to damage the cornea, uncovering self-antigens that drive the subsequent Th17-mediated inflammatory reaction (32) .
In our studies, we found that IL-17 contributes to pathology by promoting corneal opacification, but it is unknown if Th17 cells are a major source of this cytokine in the cornea during bacterial infection. Indeed, recent studies have shown that primary corneal cells from the murine corneal eye cup and corneal endothelial cell lines can impair the effector functions and activation of Th17 cells by a cell contact-dependent mechanism (30) , suggesting that these corneal endothelial cells, which are actually specialized epithelial cells, contribute to the maintenance of the privileged immune status of the anterior chamber of the eye. Multiple innate immune cell types, mostly in nonocular tissues, have been described to have the capacity to secrete IL-17 (7), including neutrophils themselves (20) as well as ␥␦ T cells (22, 32) (8) . While finding the sources of IL-17 in the cornea will be important, we have at a minimum determined that topical application of IL-17-neutralizing reagents might help improve outcomes for P. aeruginosa keratitis without compromising bacterial clearance and thus open potential new avenues of treatment for these sight-threatening infections.
